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1078–5Objectives. To compare stump pressure (SP), transcranial Doppler (TCD), electroencephalography (EEG) and selective
shunting during carotid endarterectomy (CEA) with preoperative positron emission tomography (PET) parameters.
Materials and methods. Preoperative PET measurements and preoperative neuromonitoring were performed in ten pa-
tients undergoing CEA for symptomatic carotid artery disease. PET parameters measured were cerebral blood flow (CBF),
oxygen extraction fraction (OEF), cerebral oxygen metabolism (CMRO2), cerebral blood volume (CBV), mean vascular
transit time (MVTT) and cerebral perfusion pressure (CPP). Results of these measurements in ipsilateral medial cerebral
artery (MCA), ipsilateral hemisphere and total cerebrum were compared with absolute mean SP, mean SP< 40 mmHg,
TCD, EEG changes and selective shunting.
Results. None of the PET parameters showed any significant correlations with peroperative neuromonitoring findings.
There were only trends for correlations of CBF and MVTT with TCD changes and of CPP and CMRO2 with selective
shunting.
Conclusions. Preoperative PET examinations are not useful for predicting the need for shunting during CEA.
 2008 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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There is significant variation in cerebral haemody-
namic betweenpatients undergoing carotid endarterec-
tomy (CEA) due to coexisting extra- and intracranial
arteriosclerotic lesions and variation in the capacity of
collateral vessels. Insufficient cerebral collateral flow
during cross-clamping of the internal carotid artery
(ICA) may result in inadequate perfusion and intrao-
perative stroke. In case surgery is performed under
general anaesthesia, neuromonitoring is essential to
assess cerebral perfusion and to select patients who
require a shunt. The most commonly used techniques
for peroperative cerebral monitoring are carotid artery
stump pressure (SP), transcranial doppler (TCD) and
electroencephalography (EEG).1e4
Although these neuromonitoring techniques differ
in the way they detect cerebral ischemia, they allsponding author. A. Rijbroek, MD, Department of General
y, Kennemer Gasthuis, Boerhaavelaan 22, PO Box 417, 2000
arlem, The Netherlands.
address: rijbroek@kg.nl
884/000652+ 09 $34.00/0  2008 European Society for Vasculareflect cerebral perfusion to some extent and for
each there are accepted guidelines to determine the
need for selective shunting.
At present there is no preoperative method avail-
able to assess the need for shunting. It can, however,
be postulated that patients with preoperatively
decreased cerebral hemodynamics and metabolism
are more prone to reduced cerebral perfusion during
cross clamping of the carotid artery and therefore
shunting.
Cerebral hemodynamic and metabolic parameters,
such as regional cerebral blood flow (CBF), cerebral
blood volume (CBV), cerebral metabolic rate of oxygen
(CMRO2), oxygen extraction fraction (OEF), mean
vascular transit time (MVTT) and cerebral perfusion
pressure (CPP) can be measured using positron
emission tomography (PET). Indeed, decreased CBF,
CMRO2 and CPP, and/or increased CBV, OEF and
MVTT have been reported in patients with cerebro-
vascular disease.5,6
The aim of the present study was to investigate
whether PET measurements could be used to predictr Surgery. Published by Elsevier Ltd. All rights reserved.
653Peroperative Neuromonitoring during Carotid Endarterectomywhich patients would require a shunt during CEA.
Therefore PET results were correlated with peropera-
tive SP, TCD and EEG findings.Material and Methods
The study group consisted of 10 patients who under-
went CEA for symptomatic carotid artery stenosis
(CAS). Patients characteristics are listed in Table 1.
Risk factors were present in all patients. The degree
of CAS was determined by duplex ultrasound
according to hemodynamic criteria7 and findings
are listed in Table 1. There were no carotid artery
occlusions.
Magnetic resonance imaging (MRI) scans (1.5 T
IMPACT, Siemens Medical Solutions, Erlangen, Ger-
many), required for co-registration with PET images,
were performed two days prior to surgery in order
to reduce time interval events, and PET studies were
performed one before surgery.
Based on literature,1,8,9 the following hemodynamic
criteria were taken for shunting; for SP a mean
SP< 40 mmHg; for TCD a decrease of the mean blood
flow velocity of the MCA (mBFV-MCA) of >70% after
carotid clamping compared to the preclamping mBFV-
MCA values o´r an absolute mBFV-MCA< 10 cm/sec;
and for EEG a diminution or loss of EEG frequency
in the alpha and beta activity.
The study was approved by the Medical Ethics
Committee of the VU University Medical Centre. Sub-
jects gave written informed consent prior to entering
the study.Table 1. Patients characteristics
Patients characteristics
Male/female 5/5
Age (mean) 44e74 (61) years
Risk factors
Smoking 5
Diabetes 2
Hypertension 8
Coronary artery disease 4
Hypercholesterolaemia 6
Indication CEA
Amaurosis fugax 2
Transient ischemic attack 4
Minor stroke 4
Degree of stenosis
50e70% 3
>70% 7
Contralateral stenosis
<50% 5
50e70% 2
>70% 3Peroperative procedures
CEA was performed under general anaesthesia using
a standard protocol to avoid procedure related effects,
which could otherwise occur in case of varying anaes-
thetic agents. Anaesthesia was induced with esmeron
and sufentanil, and maintained with propofol. Sys-
temic arterial blood pressure was registrated continu-
ously via a radial artery catheter. Mean arterial blood
pressure was kept above 70 mmHg and in case of hy-
potension, dopamine was administrated. No benzodi-
azepines and/or volatile anaesthetics were used. CEA
was carried out via a vertical presternocleidomastoid
approach. After exposure of the carotid arteries,
5000 IU heparine was administrated intravenously.
In all cases mean stump pressure was measured in
the common carotid artery after cross-clamping the
common and external carotid arteries using a 22
gauge catheter connected to a calibrated pressure
transducer. During CEA mBFV-MCA was monitored
continuously using TCD. TCD was performed using
a 2-MHz pulse wave transducer placed over the
temporal bone, which was secured with an elastic
headband (TCD 2-64B, EME, Ueberlingen, Germany).
One patient had no suitable temporal window for
TCD examinations and in this case primary shunting
was performed despite a SP of 65 mmHg.
Continuous EEG monitoring was performed using
16 electrodes and channels. EEG abnormalities or
changes appearing during surgery were visually inter-
preted by a specialist neurophysiologist (E.M.V.)
Selective shunting (type Sundt) was performed
when, during clamping, the criterion of one of the
three neuromonitoring techniques was met, irrespec-
tive of the results of the other techniques.
An open endarterectomy with Dacron patching
was carried out. Postoperatively, patients were moni-
tored for 24 hours on a medium care unit.PET procedures
Studies were acquired using an ECAT EXACT HRþ
scanner (CTI/Siemens, Knoxville, TN, USA), the char-
acteristics of which have been described elsewhere.10
A neuro-insert (CTI/Siemens, Knoxville, TN, USA)
was used to reduce the contribution of scattered and
random photons from outside field of view activity.
In each subject, an intra-arterial catheter was inserted
in a radial artery and an intravenous catheter in an an-
tecubital vein. First, a 10 minutes transmission scan
was performed, which was used to correct the subse-
quent emission scans for tissue attenuation. For mea-
surement of CBF, an intravenous bolus injection ofEur J Vasc Endovasc Surg Vol 35, June 2008
654 A. Rijbroek et al.800 MBq of [15O]H2O was used. At the time of tracer
administration a 3D PET scan was started with 25
frames and a total scan time of 10 minutes. To
determine oxygen metabolism, a bolus of 1500 MBq
[15O]O2 gas over an inhalation period of 30 s was ad-
ministrated through a nasal canula. Simultaneously,
a 3D PET scan was started with 20 frames over 10
minutes. Finally, an emission scan was performed fol-
lowing inhalation of a bolus of 1000 MBq [15O]CO.
This scan was started 1 minute after end of inhalation
and continued for 6 minutes with 3 frames of 120 s.
The arterial input function was measured through-
out the emission scans using an online continuous
blood sampling device at a rate of 5 ml/min.11 Plasma
and whole blood activity were measured as described
previously.12 Arterial PO2, PCO2, pH, O2 content,
hemoglobine and hematocrit were measured at the
end of each procedure.
All emission scans were normalized and corrected
for attenuation, randoms, dead time, scatter and de-
cay. Emission scans were reconstructed using filtered
backprojection with a Hanning filter at a cut-off of 0.5
times the Nyquist frequency, resulting in a spatial res-
olution of approximately 7 mm full width at half max-
imum at the centre of the field of view. A zoom factor
of two and a matrix size of 256 256 63 were used,
resulting in a voxel size of 1.2 1.2 2.4 mm.
Parametric CBF, OEF and CBV images were calcu-
lated using a basis functionmethod as described previ-
ously.11,13,14 CMRO2, MVTT and CPP were calculated
parameters; CMRO2¼CBFOEFO2-content (ml/
100 ml/min), MVTT¼CBV/CBF (s) and CPP¼CBF/
CBV.
The skull in the MRI scans was removed using
a brain extraction tool,15 which is part of the FMRIB
software library (www.fmrib.ox.ac.uk/fsl, Image
analysis group, Oxford, UK). Deskulled MRI andFig. 1. Example of distribution of arterial territories in three ho
middle and posterior cerebral artery territories, respectively. A
tal planes, three-dimensional VOI were generated.
Eur J Vasc Endovasc Surg Vol 35, June 2008corresponding PET scans were co-registered using
a mutual information algorithm included in the image
registration package MIRIT.16,17 Correct alignment
was checked visually. Using a software package
‘Program for Display and Segmentation of Surfaces
and Volumes’ (D.MacDonald, 1996), threedimensional
volumes of interest (VOI) were positioned on the co-
registrated MRI scan for anterior, middle and poste-
rior cerebral artery territories of the ipsi- and
contralateral hemispheres on all 64 horizontal planes
of the brain (Fig. 1). These arterial territories were
based on the cerebral arterial circulation described
by Tatu et al.18
Using the corresponding CBV image, the obtained
threedimensional VOI were manually adjusted in
order to exclude voxels located in or near large blood
vessels.
These VOIs were then projected onto parametric
images, resulting in CBF, OEF and CBV data for the
various arterial territories separately, for the ipsilat-
eral hemisphere and for the whole cerebrum.Statistics
Correlations between PET data and mean SP<
40 mmHg, TCD, EEG findings and selective shunting
were carried out using the independent t-tests. For ab-
solute SP values Pearson correlation coefficients were
calculated. Statistical analysis was performed using
SPSS Inc 10.1.0 (Chicago, IL, USA) and statistical
significance was set at the 5% level.Results
Table 2 provides peroperative data and used preoper-
ative PET parameters for all patients. Mean SP wasrizontal planes, green, red and yellow representing anterior,
fter positioning the three arterial territories in all 64 horizon-
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655Peroperative Neuromonitoring during Carotid Endarterectomybetween 20 and 75 mmHg and in 3 patients SP was
lower than 40 mmHg. In these 3 patients a shunt
was used, although in 1 of them there were no TCD
and/or EEG changes. TCD changes were observed
in 4 patients, 2 of whom also showed EEG changes.
Selective shunting was performed in all these 4
patients, irrespective of mean SP, which was lower
than 40 mmHg in only 2 of them. Overall 6 patients
were shunted, including 1 primary shunting, because
no temporal window was available with TCD
measurements.
None of the patients developed new neurological
symptoms in the peri- and postoperative period and
there was no mortality.
Results of the correlation analyses are shown in
Table 3. None of the PET parameters investigated
correlated with SP value, as all Pearson correlation
coefficients were smaller than 0.50. In addition, no sig-
nificant correlations could be demonstrated between
PET parameters and indication for selective shunting,
SP< 40 mmHg, TCD and EEG changes. Nevertheless
there were some tendencies. Selective shunting was
performed more in patients with decreased CMRO2
in ipsilateral MCA and hemisphere ( p¼ 0.14 and
0.11, respectively; Fig. 2). TCD changes were seen
more in patients with lower CBF in ipsilateral MCA
and hemisphere ( p¼ 0.17 and 0.20, respectively;
Fig. 3), in patients with higher MVTT in ipsilateral
MCA ( p¼ 0.15; Fig. 4), and in patients with lower
CPP in ipsilateral MCA and hemisphere and in total
brain ( p¼ 0.07, 0.17 and 0.16, respectively; Fig. 5)
Analysis of individual data revealed some unex-
plained results. Patient 2 had an SP of 75 mmHg
without TCD and EEG changes. Preoperative PET
data, however, showed increased MVTT, OEF and
CBV, and the lowest CPP, suggesting reduced cerebro-
vascular reactivity. In contrast, patient 6 had an SP of
30 mmHg and low CMRO2, which could correspond
with reduced cerebrovascular reactivity. There were,
however, no TCD and/or EEG changes and OEF
was reduced, indicating more than sufficient cerebral
perfusion for metabolic demand.Discussion
Based on many observations it has been suggested
that TCD, SP, EEG1,4,19 are not absolute reliable
techniques for identifying those patients who require
a shunt during CEA. Although combining these neu-
romonitoring techniques improves sensitivity and
specificity, false positive and negative rates are still
between 1 to 19% and 0 to 13.6%, respectively. Neuro-
logical monitoring of awake patients4,20 is probablyEur J Vasc Endovasc Surg Vol 35, June 2008
Table 3. Correlations between preoperative PET data, selective shunting and neuromonitoring findings
Mean SP-value Selective shunting SP< 40 mmHg TCD changes EEG changes
Pearson
coefficient
Yes
(N¼ 6)
No
(N¼ 4)
P
value
Yes
(n¼ 3)
No
(n¼ 7)
P
value
Yes
(n¼ 5)
No
(n¼ 4)
P
value
Yes
(n¼ 2)
No
(n¼ 7)
P
value
CBF Ipsi MCA 0.035 0.34 0.35 0.79 0.33 0.34 0.84 0.31 0.36 0.17* 0.34 0.34 0.94
Ipsi Hemi 0.063 0.34 0.35 0.84 0.34 0.35 0.96 0.32 0.37 0.20* 0.34 0.35 0.88
Whole
Cerebrum
0.053 0.36 0.36 0.96 0.35 0.37 0.80 0.33 0.39 0.27 0.36 0.36 0.93
OEF# Ipsi MCA 0.099 0.34 0.40 0.45 0.34 0.36 0.69 0.39 0.36 0.69 0.39 0.37 0.87
Ipsi Hemi 0.069 0.34 0.39 0.52 0.34 0.37 0.74 0.40 0.35 0.63 0.39 0.37 0.86
Whole
Cerebrum
0.049 0.33 0.39 0.44 0.34 0.36 0.77 0.38 0.35 0.73 0.38 0.36 0.89
CMRO2
# Ipsi MCA 0.057 2.11 2.62 0.14* 2.03 2.43 0.36 2.21 2.39 0.68 2.32 2.33 0.99
Ipsi Hemi 0.059 2.14 2.65 0.11* 2.09 2.45 0.38 2.29 2.44 0.72 2.38 2.38 1.00
Whole
Cerebrum
0.156 2.17 2.70 0.12 2.02 2.52 0.24 2.30 2.49 0.67 2.53 2.40 0.84
CBV Ipsi MCA 0.174 0.057 0.053 0.53 0.053 0.057 0.63 0.060 0.052 0.32 0.062 0.054 0.42
Ipsi Hemi 0.302 0.053 0.055 0.84 0.048 0.056 0.31 0.055 0.053 0.86 0.056 0.053 0.66
Whole
Cerebrum
0.357 0.053 0.053 0.93 0.047 0.056 0.30 0.055 0.052 0.75 0.057 0.052 0.57
MVTT Ipsi MCA 0.123 10.6 9.4 0.56 9.9 10.2 0.92 11.8 8.9 0.15* 11.1 10.0 0.68
Ipsi Hemi 0.202 9.6 9.4 0.93 8.9 9.8 0.64 10.4 8.8 0.36 10.2 9.3 0.70
Whole
Cerebrum
0.144 9.2 8.9 0.87 8.8 9.2 0.81 10.0 8.3 0.32 9.6 8.9 0.73
CPP Ipsi MCA 0.045 5.96 7.01 0.39 6.40 6.37 0.98 5.10 7.93 0.07* 5.43 6.62 0.47
Ipsi Hemi 0.147 6.52 6.94 0.74 7.16 6.48 0.61 5.75 7.52 0.17* 5.90 6.98 0.51
Whole
Cerebrum
0.125 6.83 7.31 0.72 7.39 6.87 0.71 6.02 7.93 0.16* 6.24 7.32 0.53
SP¼ stump pressure, TCD¼ Transcranial doppler, EEG¼ Elektroencephalography.
CBF¼ cerebral blood flow, OEF¼ oxygen extraction fraction, CMRO2¼ cerebral metabolic rate of oxygen, MVTT¼mean vascular transit time, CPP¼ cerebral perfusion pressure.
Ipsi¼ ipsilateraal, MCA¼middle cerebral artery, Hemi¼ hemisphere.
# in one patient no oxygen studies were available.
* although no significant difference could be demonstrated some trends were noted.
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Fig. 2. Mean CMRO2 in ipsilateral MCA and hemisphere with 95% confidence limits in shunted and nonshunted patients
( p¼ 0.14 and 0.11, respectively).
657Peroperative Neuromonitoring during Carotid Endarterectomythe best method for evaluating effects of clamping the
carotid artery. General anaesthesia, however, often is
still required.
Preoperative studies to predict cerebral ischemia
during CEA and to determine the indication for
shunting would be attractive. Using PET cerebral
hemodynamic status can be determined quantitatively
and in vivo.6 The rationale for the present study was,
therefore, to investigate whether PET parameters could
be used for this purpose in practice. In general, it is
assumed that reduced SP, TCD changes and/or EEG
changes, are manifestations of reduced cerebral perfu-
sion and diminished collateral circulation. SP reflects
pressure through collaterals and circle of Willis and
should probably be compared with CPP or MVTT of
whole cerebrum. TCD measures flow velocity and
should be related to CBF, most likely in the MCA
area. EEG changes are signs of diffuse cerebral ischemia
and are perhaps best comparedwith increasedOEF. All
suggested assumptions, however, are speculative and
in the present study no significant correlations between54N =
tcd changes
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Fig. 3.Mean CBF in ipsilateral MCA and hemisphere with 95%
( p¼ 0.17 and 0.20, respectively).the various PET parameters and peroperative neuro-
monitoring criteria were found, although some tenden-
cies were noticed. Combined neuromonitoring criteria
for selective shunting showed a trend to correlate
with CMRO2, and TCD changes with OEF, MVTT and
CPP. This was mainly true for ipsilateral MCA. On
the other hand, unexpected findings were also found,
notably in patients 2 and 6.
Many other studies, with EEG,21 TCD,22,23 single
perfusion emission computer tomography (SPECT),24,25
cerebral26e28 and MR angiography,29e31 have made an
attempt to correlate preoperative findings with cerebral
ischemia during carotid clamping. Although some cor-
relations were found, none of them could predict the
indication for shunting. Only SPECT came close to
the combination of EEG changes and stump
pressure.
It seems that preoperative methods, including PET,
are poorer than peroperative neuromonitoringmethods
in predicting cerebral ischemia during clamping the
carotid artery.54N =
tcd changes
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confidence limits in patients with and without TCD changes
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54N =
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Fig. 4. Mean MVTT in ipsilateral MCAwith 95% confidence
limits in patients with and without TCD changes ( p¼ 0.15).
658 A. Rijbroek et al.The present PET study, however, suffers from
a number of limitations. Firstly, the number of
patients are rather limited and perhaps too small to
detect significant differences. Nevertheless it is clear
that the present PET parameters cannot be used for
the prediction of cerebral ischemia during CEA in
individual patients.
Secondly, although the time interval was only one
day, PET studies were performed in awake patients
and CEA under general anaesthesia. Anaesthesia54N =
tcd changes
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Fig. 5.Mean CPP ipsilateral MCA, hemisphere and total brain w
changes ( p¼ 0.07, 0.17 and 0.16, respectively).
Eur J Vasc Endovasc Surg Vol 35, June 2008could have significant effects on cerebral circulation
and metabolism, and on blood pressure. General
anaesthetic agents can reduce CMRO2 and neuronal
activity,2 but effects on neuromonitoring methods in
men are unknown. The role of blood pressure and
induced hypertension on neuromonitoring technique
is complex. SP and EEG improvements as a result of
elevating blood pressure have been reported,32,33 but
effects on outcome are questionable.34 A recent study
in patients undergoing CEA under local anaesthesia35
only found marginal difference in blood pressure
between shunted and non-shunted patients.
Thirdly, in the analysis of the PET data, several
regions of interest (ROI) were evaluated. In particular,
templates of MCA, ACA and PCA territories were
used. In the correlation analysis average values for
these territories, ipsilateral hemisphere and cerebrum
were used. This type of analysis does not take into
account possible differences in hemodynamic and
metabolic parameters within these territories, nor
differences between grey and white matter.36,37 There-
fore, local differences or abnormalities could have
been overlooked.38
Finally the study was restricted to symptomatic
patients with embolic causes. Asymptomatic patients
and/or patients with symptoms due to low-flow state54N =
tcd changes
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659Peroperative Neuromonitoring during Carotid Endarterectomywere excluded. It can be argued that in particular pa-
tients with low-flow state or hypoperfusion are more
suitable for PET evaluation. Also evaluation of the
circle of Willis was not included in this study and
would be interested to investigated in combination
with PET parameters.
Consequently, it remains an open question which
part of the brain should be compared with SP, TCD
and EEG findings.Conclusion
The present study shows that, at present, preoperative
PET studies do not identify patients with increased
risk of intra-operative cerebral ischemia, which would
benefit from shunting during CEA under general
anaesthesia. Further information is needed, however,
about the correlation between neuromonitoring and
-imaging techniques and PET parameters especially
with regard to regions of the brain and circle of Willis
configurations, but also in respect to the differences
between general and local anaesthesia.References
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